In this study, an alternative control method is proposed to improve the harmonic suppression efficiency of the active power filter in a distorted and unbalanced power system to compensate the perturbations caused by unbalanced non-linear loads. The proposed method uses a selftuning filter (STF) to process the grid voltage in order to provide a uniform reference voltage to obtain the correct angular position of the phase locked loop. Moreover, the required compensation currents are obtained by implementing another STF to the transformed set of currents in order to separate the fundamental and harmonic currents. This allows the calculation of precise reference current for unbalanced, non-linear and variable load conditions. The proposed control method gives an adequate compensating current reference even for non ideal voltage and unbalanced current conditions. The realtime control of the filter under the distorted and unbalanced power system is developed in RT-LAB realtime platform. Results obtained in the SIL (software-in-the-loop) configuration are presented to verify the effectiveness of the proposed control technique.
Introduction
Awareness of the quality and reliability/security of the power supply has increased in recent years due to a number of reasons. The main reason is technological advancement in conventional and non-conventional power generation, exploitation of renewable energy sources and their integration into supply networks and finally utilization of highly sophisticated devices in the end users equipment, all of which required to be ensured with desired power quality [1] . Suppression of harmonic currents, generated due to harmonic voltages in the supply side and the non-linear loads, is one of the most important and dominating components for power quality improvement. The shunt active power filter (APF) has been shown to alleviate these problems, drawing much attention since its introduction in 1976 by Gyugyi and Strycula [2] . The shunt APF has excellent compensation characteristics and is able to simultaneously suppress harmonic currents and compensate for reactive power. To achieve this, the power converter of an APF is controlled to generate a compensation current that is equal to the harmonic and reactive currents.
The rapid progress in the development of modern power electronic devices and DSP technology has led to a greater concentration on the improvement of APFs. In order to determine the harmonic and reactive components of the load current, several techniques are introduced in the literature [3] . These strategies play a very important role in the improvement of steady state and dynamic performances and the stability of the filter.
The common point of the control techniques is the requirement of a grid voltage measurement [4] . The unbalanced voltages usually occur because of variations in the load characteristics over time and/or the unbalanced nature of the load, which could arise, for example, from different phases of the load current due to variations of impedances. Therefore, the dynamic characteristics of the harmonic detection methods would likely be adversely affected without proper consideration of the condition of grid voltages and currents. Some methods are proposed to increase the harmonic suppression efficiency of APF controlled by p-q theory in [34, [5] [6] [7] [8] [9] [10] , p-q-r theory in [11] . All these algorithms require some kind of low-pass or high-pass filters to extract the fundamental or harmonic components. In [12, 13] , a neural network based solution is proposed for the control of shunt APFs operating under distorted voltage conditions. Self-tuning filter (STF) was initially developed to estimate the phase angle of pulse width modulation (PWM) converter outputs [14] . It was then applied to solve the control problem of shunt APF in distorted voltage condition [15] . The STF algorithm was shown to possess important advantages over other methods in the case of unbalanced and distorted source voltages; however, specifics on the control system were not divulged in those papers. Since then much attention has been devoted to the application of the STF to the control of APFs [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . To date, the STF algorithm has only been adapted to p-q theory and the dq method, referred to here as STF-based pq theory (STF-pq) [18] [19] [20] [21] [22] [23] [24] 31] and STF-based dq method (STF-dq) [15, 24, 25] , respectively. Abdusalam et al. (2007) [16] proposed the integration of STF algorithm with d-q theory for the control of hybrid APFs (HAPFs), where a shunt APF was connected in series with a shunt passive filter. Karimi et al. (2008) [17] also showed how the STF can be used to control a shunt APF by integrating it with pq theory, and referred to the resultant system as selective bandpass filtering. Abdusalam et al. (2008 Abdusalam et al. ( & 2009 ) applied STF-based control with p-q theory for voltage signals in [18] and current signals in [19] , without the use of low-pass or high-pass filters.
The STF was also used for both voltage and current signals in [19, 20] . Gupta et al.
(2010) used the STF-pq under name of harmonic tuned filter in [21] . Samadaei et al.
(2011) also used STF-pq to control shunt APF connected in series with the shunt passive filter in [24] . In [27] , the STF-pq theory is first used in the control of multilevel shunt APF by Benaissa et al, (2012) . By this method the number of filters is reduced in the control system. However, the effectiveness of the control algorithm is only tested under balanced currents with ideal grid voltage conditions. Ghadbane et al.
(2012) used the STF-pq theory, where the STF is applied to the load current only [28] . proposed an STF-pq based method, where the STF was first used to extract the harmonic currents from load currents with subsequent application of pq theory [29] . Biricik et al. (2011) in [25] showed that the harmonic suppression performance of both the pq and dq control methods deteriorates in the case of distorted source voltages. The authors propose applying an STF-pq based control strategy to improve the harmonic suppression efficiency of a HAPF and solve the problems caused by unbalanced and distorted source voltages in [30] .
In this paper, an alternative control method is proposed to increase the harmonic suppression efficiency of three phase, three wire APF in the case of unbalanced and distorted grid voltage conditions by processing the load currents through the STF only.
This eliminates the requirement of any high-pass or low-pass filtering as otherwise required by dq, pq, pqr theories etc. The algorithm can be successfully applied under variable and unbalanced load conditions. The main contributions of this paper are the following:
• The algorithm does not necessitate pre-processing, such as high-pass and lowpass filtering, in order to separate the fundamental and harmonic components;
• Performance of the system is evaluated with distorted and unbalanced grid voltages and with unbalanced, non-linear, variable load groups;
• The detailed model and the algorithm has been implemented in RT-LAB realtime simulator platform, developed by OPAL-RT, to evaluate the real time performance of the proposed control method of the Shunt APF in a 3-phase 3wire system.
Review of APF Control Methods
This section briefly reviews three techniques for the estimation of the reference compensation current of the APF. A description of the well-known (conventional) p-q and d-q methods is presented, which is followed by a description of the STF-based p-q theory method in [19] . The reader is referred to [19, 34] for a more detailed treatment of the methods.
Instantaneous Active Power Theory (p-q Theory)
The instantaneous and reactive power method, proposed by Akagi [34] , remains one of the most popular APF control schemes. It first transfers the voltages and currents from the three-phase a-b-c phase coordinates to a two-phase coordinate system α-β-0, via Clarke transformation. Then the active and reactive instantaneous powers are calculated. Generally, each of the active and reactive powers is composed of continuous and alternating terms. The continuous term corresponds to the fundamentals of current and voltage. The alternating part represents power related to the sum of the harmonic components of current and voltage. A low-pass filter or high-pass filter is required to separate continuous and alternating terms of active and reactive instantaneous powers.
The three phase reference current of the APF is obtained by applying the inverse Clarke transform to the stationary reference currents.
Stationary Reference Frame Method (d-q Method)
The d-q method is the second most studied control method in the literature. This method is based on the Park transformation. First, the load currents are transformed into the component in the d-q coordinate system in order to separate the fundamental and harmonics components of instantaneous currents (i d , i q ). One of the main differences of this method from p-q theory is that the d-q method requires the determination of the angular position of the synchronous reference of the source voltages; for this a PLL algorithm is used. After the transformation of load currents into the synchronous reference, a low-pass or high-pass filter is using to separate the fundamental and harmonic components. Finally, the reference currents are transformed to the three phase reference using the inverse synchronous transform.
Self-Tuning Filter-Based Instantaneous Active and Reactive Theory
As mentioned earlier, the STF algorithm was first used to estimate the phase angle of the PWM converter outputs in [14] . As mentioned in Section 1, this algorithm is mostly used with the pq theory to solve the problems caused by unbalanced and distorted grid voltages. In [19] , the STF is applied to filter out the voltage harmonics from the grid voltages, which are then used in the pq theory. Here, the STF also acts to balance the voltages. Moreover, a second STF is applied to the load currents, i α and i β , to obtain the harmonic currents, i α and i β , which are then used in the pq theory.
Proposed Control Method
The purpose of the APF is to dynamically compensate the reactive and harmonic current. Current drawn by the three-phase load with a non-unity power factor harmonics is given by:
where i L (t) is the load current, i 1 (t) is the fundamental current, i h (t) is the harmonic currents and i q (t) is the reactive current. Conventionally, shunt APF is operated as a current source in parallel with the load. The power converter of an APF is controlled to generate a compensation current, i c (t), which is equal in magnitude to the reactive and harmonic current of the load and opposite in phase, i.e.,
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In the proposed control method, the load currents (i La , i Lb , i Lc ) are transformed first into the components of the synchronous reference frame coordinate system by using the Park transformation:
where, the angle θ is the angular position of the synchronous reference. It is a linear function of the angular position of the grid voltages. This angular position can be determined by the aid of a phase-locked-loop (PLL). Therefore, the performance of the control method is dependent on the type of PLL algorithm used. In order to improve the efficiency of the PLL, the three-phase supply voltages (u a , u b , u c ) are transformed using the Clarke (or α-β) transformation into a different coordinate system by using:
In order to obtain undistorted and balanced waveform for the control circuit, the α-β of the distorted grid voltage is processed through the STF. In [19] , the transfer function of the STF is obtained by integration of the synchronous reference frame and it is defined as:
The STF has a magnitude and phase response that is similar to those of a general band-pass filter. Apart from the integral effect on the input magnitude, the STF does not alter the phase of the input, i.e. the input U xy (s) and output V xy (s) have the same phase.
Note that in order to have unit magnitude, i.e. |H(s)| = 0 dB, a constant K X is incorporated in to (6) [19] , that is,
In the stationary reference, the fundamental components ( α u , β u ) are given by:
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The obtained un-distorted and balanced two phase voltages can be converted to the three phase system by using inverse Clark transformation as given by, 
In this method the angular position (θ) of the source voltages is determined correctly by the PLL. The un-balanced nature of load currents is also an important power quality issue that may reduce the performance of the APF. For this reason, the obtained i d and i q components by (4) are also processed in the proposed control method in order to calculate balanced current components.
After obtaining the balanced and undistorted current components, the harmonic components of instantaneous currents ( d ĩ , q ĩ ) are obtained by
and
In most of the control methods, a low-pass or high-pass filter is used to separate the fundamental and harmonic currents. However, there is no need for an additional filter in the proposed control method. Finally, the obtained current harmonic components, from (14) and (15), are then transformed to the three phase converter reference currents using the inverse synchronous transform given by, 
In order to compensate for the converter active losses, the DC-link capacitor voltage is processed by a conventional proportional-integral (PI) regulator, which gives a measure of the active power losses in the converter. To generate accurate converter reference currents an additional fundamental component (i dc ) has been added, which is derived from the PI of the dc regulator. The reference converter currents are compared with the actual converter currents and the error is processed through a PI and passed through a hysteresis comparator to derive the final switching signals for the converters.
Power Circuit and Measurement Description
To test the proposed algorithm a (3Ø, 3-wire) Voltage Source Inverter is connected in parallel with the load, as shown in Fig. 1 
Computer Simulated and Real-Time Experimental Results
To demonstrate the performance of the proposed control method, results from both the numerical simulation and real-time experimentation are presented here. Section 5.1 presents MATLAB / Simulink simulation results comparing the proposed control method with a state-of-the-art technique in [19] , as well as the well-known pq and dq methods. In particular, the effect of non-ideal supply conditions on the performance of APF is investigated. In Section 5.2, results are presented from testing the proposed control method and power system using the RT-LAB real-time platform.
Simulation Results
In this section, the performance of the proposed method is compared to that of the prior art for both ideal and non-ideal grid voltage conditions. As seen in Fig. 2 (a) , the grid voltage waveform is purely sinusoidal. In contrast, the non-ideal grid voltage waveform is generated by using (17) , as shown in Fig. 2 (b) . The non-ideal grid voltage considered in Fig. 2 (b) is 3% unbalanced and has a THD of 10%. The load current waveforms under ideal grid voltage conditions can be seen in Fig. 2 (c) . Fig. 2 (d) shows the harmonic distortions on the load current change depending on the distortion present on the grid. Notice that, depending on the load, current THD varies within 16 to 21%. Under ideal grid voltage conditions, the grid currents are well compensated by both the dq (see Fig. 3 (a) ) and pq method (see Fig. 3 (c) ). For these cases, as seen in Table II, the THD of the grid currents are reduced from around 20% to around 2%.
However, for the non-ideal grid conditions, their performances are not acceptable. As can be seen from Table II , the THD of the grid currents decreases from around 20 % to around 7% with dq method (see Fig. 3 (b) ) and 10 % with pq theory (see Fig 3 (d) ). It is clear that the non-ideal supply condition adversely affects the behaviour of the APF while using conventional pq theory and the dq method.
This problem has been investigated extensively in the literature with various control strategies proposed, one of which is the STF-pq method adopted in [19] . In Figs. 4 (a) and (b), we see that the STF-pq method displays good performance under both ideal and non-ideal grid voltage conditions, as attested in [19] . Table II shows that the THD of the grid currents are reduced to around 2 %, for both grid voltage conditions. As seen in Fig. 7 (a) , the grid voltage waveform is not purely sinusoidal.
Therefore, after transformation of this waveform to the α-β coordinate system via (6) the grid voltage waveform as shown in Fig 7 (b) is also not sinusoidal. As mentioned earlier, this distorted voltage has a detrimental effect on the control system, which degrades the harmonic suppression performance of the converter. As discussed in Section 3, this problem can be rectified by using the STF. The two phase grid voltages are filtered using (9) and (10) to obtain undistorted and balanced waveforms-see Fig. 7 (c). It can be seen that, there is no phase displacement between the input and output waveforms, which is a major advantage offered by this method. The obtained undistorted and ideal two phase voltage waveforms are then transformed to three phase voltage waveforms via (11) , shown in Fig. 7 (d) . Finally, the correct angular position of the synchronous references can be calculated using a standard PLL. In the second step of the controller, the d i and q i components can be calculated by way of (4). The calculated currents consist of fundamental and harmonics components.
In order to extract harmonic components, the second STF is designed as in (12) and (13) . Therefore, the d i and q i components are processed in order to obtain, the balanced d i and q i components at the fundamental frequency. The harmonic components are subtracted from the fundamentals to obtain two phase converter reference currents. No additional low-pass or high-pass filter is required for this purpose. Then, the obtained two phase reference current signals are converted to three phase by using (16) . Injected converter currents can be seen in Fig. 9 . Finally, the grid current waveforms are obtained as given in Fig. 10 %, 3.64 % after the connection of Load 5 . Since the reactive power consumed is compensated for by the APF, the grid current is in phase with voltage ( Fig. 11 ). The load change operation comprises the addition of all other loads to create an average load change of 50%. During this operation, the magnitude of the load current changed and the proposed control method compensated the grid current dynamically under both load change conditions. Moreover, the DC-link capacitor voltage (green plot) is maintained as required during the fast load change.
Conclusion
In this paper, the design of a control method that generates the correct reference current signal in order to satisfy the requirements of harmonic suppression and reactive power compensation, for unbalanced nonlinear load combinations under the case of non-ideal grid voltage conditions have been discussed. An alternate method is proposed where two STF are applied to manage the distorted and unbalanced voltage and current.
In the proposed method, the distorted and unbalanced voltages are first processed by using self tuning filter (STF) to determine the correct angular positions. Then a second STF is used to extract balanced load current waveforms This method eliminates the need for additional low-pass or high-pass filtering when extracting harmonic components from the fundamental. A step-by-step performance study, in a real-time environment, shows that the proposed control technique is able to generate the proper compensating reference current during the steady state and dynamic load change conditions under the distorted and unbalanced grid voltage conditions.
